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The role played by the insulating intermediate (Li0.84Fe0.16)OH layer on magnetic and supercon-
ducting properties of (Li0.84Fe0.16)OHFe0.98Se was studied by means of muon-spin rotation. It was
found that it is not only enhances the coupling between the FeSe layers for temperatures below
≃ 10 K, but becomes superconducting by itself due to the proximity to the FeSe ones. Super-
conductivity in (Li0.84Fe0.16)OH layers is most probably filamentary-like and the energy gap value,
depending on the order parameter symmetry, does not exceed 1-1.5 meV.
PACS numbers: 74.70.Xa, 74.25.Bt, 74.45.+c, 76.75.+i
Recently, the iron chalcogenide system has attracted
much interest due to a series of discoveries of new su-
perconductors with high transition temperatures (Tc’s).
Tc of FeSe1−x reaches values up to ≃ 37 K by apply-
ing pressure.1 An intercalation of the alkali metals (K,
Cs, Rb) between FeSe layers increases Tc above 30 K.
2–4
The Tc value raises up to ≃ 100 K in a single layer
FeSe film grown on a SrTiO3 substrate.
5,6 Significant
enhancement of Tc is also observed in FeSe structures
intercalated with alkali metal coordinated to molecular
spacers (as e.g., ammonia, pyridine, ethylenediamine,
or hexamethylenediamine)7–10 as well as by lithium-iron
hydroxide.11–15 In this case Tc was also claimed to in-
crease with the increased two-dimensionality.16 However,
to date, the enhancement of two-dimensional proper-
ties caused by intercalation were solely related to the
increased distance between the superconducting FeSe
layers.10,16 Due to the lack of good quality single crys-
tals, the anisotropic physical properties as well as the
role of the intermediate spacer layer were not yet stud-
ied. Recently Dong et al.15 have reported the synthesis
of high-quality single crystals of (Li1−xFex)OHFeSe with
Tc reaching ≃ 42 K. The highly anisotropic properties of
(Li1−xFex)OHFeSe were confirmed in the measurements
of the normal state resistivity and upper critical field. In
this letter we report on a detailed study of the evolu-
tion of the superconducting and magnetic properties of
single crystalline (Li0.84Fe0.16)OHFe0.98Se by using the
muon-spin rotation (µSR) technique.
The µSR experiments in zero-field (ZF-µSR) were per-
formed in order to study the magnetic response of the
sample. In two sets of experiments the initial muon-spin
polarization P (0) was applied parallel to the crystallo-
graphic c−axis and the ab plane, respectively. Experi-
ments confirm the homogeneity of the sample as well as
the magnetic ordering within the (Li0.84Fe0.16)OH layer
below Tm ≃ 10 K (see the Supplementary information).
Note that recent density functional theory calculations
reveal that depending on the amount of Fe distribution
disorder within the intermediate (Li1−xFex)OH layer,
both, the ferromagnetic and the antiferromagnetic type
of order become possible.17 For the particular sample
studied here, the absence of “ferromagnetic-like” features
on magnetization curves (see the Supplementary infor-
mation and Ref. 12), the weak influence of magnetism on
muons stopped within FeSe layers (see the Supplemen-
tary information) and the results of ”field-shift” experi-
ments (see below) suggest that the magnetic order in the
intermediate (Li0.84Fe0.16)OH layer is antiferromagnetic
like.
The homogeneity of the superconducting state was
checked by performing series of field-shift experiments
in transverse-field (TF) configuration. Figure 1 exhibits
the Fast Fourier transform of the TF-µSR time spectra,
which reflects the internal field distribution P (B). The
black curve corresponds to P (B) obtained after cooling
the sample at µ0H = 12 mT (H ‖ c−axis) from a tem-
perature above Tc down to 1.48 K (Fig. 1a) and 20.2 K
(Fig. 1b). The sharp peak at B ≃ 12 mT, accounting
for approximately 8% of the total signal amplitude is at-
tributed to the residual background signal from muons
missing the sample. The red curves are the P (B) dis-
tributions after field cooling in 12 mT and subsequently
increasing it up to 15 mT. The analysis reveals that the
background signal shifts up by ≃ 3 mT in agreement
with the change of the applied field, whereas the signal
from the sample remains unchanged within the exper-
imental error. The asymmetric P (B) distributions re-
ported on Fig. 1 possess the basic features expected for
a well aligned vortex lattice. In the case of triangular
lattice (inset in Fig. 1b) the cutoff at low fields corre-
sponds to the minimum in P (B) occurring at the mid-
point of three adjacent vortices. The peak arises from
the saddle point midway between two adjacent vortices,
whereas the long tail towards high fields is due to the
region around the vortex core. The field-shift experi-
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FIG. 1: Fast Fourier transform of TF-µSR time spectra after
cooling in an applied field of µ0H = 12 mT, H ‖ c, (black
symbols) and after a subsequent field increase to 15 mT (red
symbols) at T = 1.48 K (a) and 20.2 K (b). The solid lines
are fits (see the Supplementary Information). The inset in (b)
is the contour plot of the field variation within the triangular
vortex lattice. Bmin, Bmax, and Bsaddle are the minimum,
maximum and the saddle point fields.
ment clearly demonstrates that: (i) the vortex lattice in
(Li0.84Fe0.16)OHFe0.98Se sample is strongly pinned in a
similar way above (20.2 K) and below (1.48 K) the mag-
netic ordering temperature (Tm ≃ 10 K). Note that in the
case of a ferromagnetically ordered (Li1−xFex)OH layer
the pinning vanishes at T ≃ 1.5 K;12 (ii) the absence
of any background peak in the unshifted signal implies
that the sample is free of sizeable nonsuperconducting
inclusions.
The temperature dependences of the in-plane (λab) and
the out-of-plane (λc) components of the magnetic pene-
tration depth were studied in TF-µSR experiments with
the external magnetic field applied parallel to the c−axis
and the ab−plane, respectively. The details of the data
analysis procedure are presented in the Supplementary
Information. We just recall here that the inverse squared
penetration depth is directly proportional to the super-
fluid density λ−2 ∝ ρs. The corresponding dependences
of λ−2ab ∝ ρs,ab and λ
−2
c ∝ ρs,c on T are shown in Figs. 2 a
and 3 a.
As a first step, we discuss the temperature depen-
dence of λ−2ab since it is primarily determined by the
superconducting gap(s) opening in the ab plane. They
should correspond to the ones measured directly in re-
cent angle-resolved photoemission (ARPES) and scan-
ning tunneling spectroscopy (STS) experiments.18–21 At
present, there is no consistency on the number of gaps
(one versus two), their symmetries, and absolute val-
ues. ARPES experiments reveal the presence of a single
band around the M point at the Brillouin zone with an
isotropic (s−wave) gap. The reported gap value varies
between ∆s = 10.5 meV and ≃ 13 meV.
18,19 STS exper-
iments points to presence of two sets of electron pockets
near theM point with different symmetries and high val-
ues of the gaps. Two s−wave gaps with ∆s,1 ≃ 15 meV
and ∆s,2 ≃ 9 meV were found in Ref. 21, while two
anisotropic gaps with maximum values ∆an,1 = 14.3 meV
and ∆an,2 = 8.6 meV were observed in Ref. 20. The an-
gular distributions of gaps reported in Refs. 18–21 are
shown schematically in Figs. 2 (b)–(e).
The temperature dependence of λ−2ab was further ana-
lyzed within the local (London) approach by using the
following functional form:22,23
λ−2(T )
λ−2(0)
= 1 +
1
pi
∫ 2pi
0
∫
∞
∆(T,ϕ)
(
∂f
∂E
)
E dEdϕ√
E2 −∆(T, ϕ)2
.
(1)
Here λ−2(0) is the zero-temperature value of the mag-
netic penetration depth, f = [1 + exp(E/kBT )]
−1 is the
Fermi function, ϕ is the angle along the Fermi surface,
and ∆(T, ϕ) = ∆ g(ϕ) tanh{1.82[1.018(Tc/T−1)]
0.51} [∆
is the gap value at T = 0].23 g(ϕ) describes the angular
dependence of the gap: gs(ϕ) = 1 for the s−wave gap,
gan(ϕ) = [1 − a(1 − cos 4ϕ)] for the anisotropic gap,
20
and gd(ϕ) = | cos(2ϕ)| for the d−wave gap.
The two-gap analysis was performed within the frame-
work of the phenomenological α−model:23,24
λ−2(T )
λ−2(0)
= ω
λ−2(T,∆1)
λ−2(0,∆1)
+ (1− ω)
λ−2(T,∆2)
λ−2(0,∆2)
. (2)
Here ω (0 ≤ ω ≤ 1) is the weight factor representing the
relative contribution of the larger gap to λ−2.
The results of the analysis are presented in Fig. 2a and
Table I in the Supplementary Information. It should be
noted here that the fits were performed by using the gap
values and the gap symmetries as measured in ARPES
and STS experiments (see Refs. 18–21 and also Figs. 2
b–e). The only free parameters were λ2ab(0) and Tc in
the case of single s−wave gap fits and λ2ab(0), Tc, and ω
within a two-gap approach. Obviously, three out of four
gap models describe the obtained λ−2ab (T ) dependence al-
most equally well. Only the curve with ∆s = 13 meV
deviates significantly from the data.
Two important points need to be considered: (i) The
analysis reveals that within the single s−wave gap ap-
proach a satisfactory agreement between the fit and the
data is achieved for 9.8 . ∆s . 10.6 meV. The gap
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FIG. 2: (a) Temperature dependence of λ−2ab of
(Li0.84Fe0.16)OHFe0.98Se. The fitting curves were obtained
within the following models of gap symmetries: s−wave:
∆s = 10.5 meV (Ref. 18 and panel b); s−wave: ∆s = 13 meV
(Ref. 19 and panel c); two s−wave gaps: ∆s,1 = 15 meV and
∆s,2 = 9 meV (Ref. 21 and panel d); and two anisotropic
gaps: ∆an,1 = 14.3 meV·[1 − 0.25(1 − cos 4ϕ)] ∆an,2 =
8.6 meV·[1− 0.15(1 − cos 4ϕ)] (Ref. 20 and panel e).
value of 10.5 meV measured in Ref. 18 stays within
this limit, while the value of 13 meV from Ref. 19 is
≃ 15% higher. (ii) As shown in Table I in the Sup-
plementary Information, in the case of two anisotropic
gaps, the relative weight of the smaller gap is consis-
tent with zero. This suggests that the bands where the
smaller gap is supposed to open do not supply any super-
carriers to the superfluid density and, consequently, the
energy gap cannot exist. However, the analysis reveals
that by decreasing the degree of the larger gap anisotropy
(a = 0.25, Ref. 20), the weight of the smaller gap contin-
uously increases, reaching ≃ 40% for a = 0. This implies
that if the two anisotropic gaps scenario is realized in
(Li1−xFex)OHFeSe, the larger gap should have a smaller
anisotropy than suggested in Ref. 20.
The temperature dependence of the inverse squared
out-of-plane magnetic penetration depth λ−2c ∝ ρs,c is
shown in Fig. 3. It is reasonable to assume that the
superconducting energy gap(s) detected within the ab
plane should remain the same in the perpendicular direc-
tion. This seems to be correct for some Fe-based super-
conductors as e.g. SrFe1.75Co0.25As2,
25 FeSe0.5Te0.5,
26
LiFeAs,27 which are characterized by relatively small
values of the anisotropy parameter γλ = λc/λab. By
lowering the temperature γλ changes from γλ ≃ 2.0,
1.5 and 2.0 close to Tc to γλ ≃ 2.7, 2.5 and 1.0 at
T ≃ 0 for SrFe1.75Co0.25As2, FeSe0.5Te0.5 and LiFeAs,
respectively.25–27
The analysis reveals, however, that none of the gap
models describing λ−2ab (T ) agree with the λ
−2
c (T ) depen-
dence. The inflection point at T ≃ 10 K clearly implies
that a superconducting gap with an absolute value much
smaller than determined by means of ARPES and STS is
present. Bearing this in mind and accounting for the sim-
plest s−wave model describing λ−2ab (T ) (∆s = 10.5 meV,
Tc = 41.9 K, see Fig. 2 and Table I in the Supplemen-
tary Information), the two-gap model (Eq. 2) with the
larger gap ∆s = 10.5 meV and the smaller gap remain-
ing as a free parameter was fitted to the λ−2c (T ). For
the smaller gap the s−wave and d−wave type of symme-
tries were considered. The results of the fit are presented
in Fig. 3 a and Table I in the Supplementary Informa-
tion. The angular distributions of the gaps in the case
of s+ s and s+ d model fittings are shown schematically
in Figs. 3 b and c. Both, s + s and s + d, gap models
fit λ−2c (T ) equally well. One cannot distinguish between
them within the accuracy of the experiment. The gap
values (∆s,2 = 1.05 meV and ∆d = 1.50 meV) are factor
of 5 to 10 lower than the smallest gap within the ab plane.
This clearly differentiates (Li1−xFex)OHFeSe from other
Fe-based superconductors where the gap(s) were found
to be essentially direction independent.
In (Li1−xFex)OHFeSe the FeSe layers are weakly
bonded to the intermediate (Li1−xFex)OH layers via hy-
drogen atoms. The distance between the superconduct-
ing FeSe layers (≃ 9.3 A˚) is also higher than in most
of the Fe-based superconducting families (including, e.g.
11, 111, 122, and 245 families). This clearly indicates
that (Li1−xFex)OHFeSe has a highly two-dimensional
character, which is also confirmed experimentally by:
(i) the observation of an extremely high resistivity ra-
tio ρc/ρab which increases continuously with decreasing
temperature by reaching the value of ρc/ρab ≃ 2500
at T = 50 K;15 (ii) The similar electronic structure
of (Li1−xFex)OHFeSe and the single-layer FeSe on the
SrTiO3 substrate observed by means of ARPES and
STS.18–21 Both systems were found to have a similar
Fermi-surface topology, band structure and supercon-
ducting gap symmetry. This statement is further con-
firmed by an agreement of our λ−2ab (T ) data with the re-
cent gap measurements from Ref. 28, see the Supplemen-
tary Information; (iii) The present observation of a high
value of the magnetic field penetration depth anisotropy.
γλ = λc/λab ≃ 10 close to Tc which decreases to ≃ 7 at
T = 1.5 K (see the inset in Fig. 3 a).
We believe therefore, that the enhanced two-
dimensionality of (Li1−xFex)OHFeSe leads to the unusual
observation of smaller gap opening along the crystallo-
graphic c−direction. The large s−wave gap(s) (or large
anisotropic gaps, see Table I in the Supplementary In-
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FIG. 3: (a) Temperature dependence of λ−2c of
(Li0.84Fe0.16)OHFe0.98Se. The fitting curves were obtained
within the s+ s (b) and s+ d (c) gap symmetries. The larger
gap and Tc were fixed to ∆s = 10.5 meV and Tc = 41.9 K,
respectively. The inset in (a) shows the temperature depen-
dence of the anisotropy parameter γλ = λc/λab. The line is a
guide for the eye.
formation) correspond to a condensation of the super-
carriers confined within the two-dimensional FeSe layers,
whereas the tiny small gap opens in the (Li1−xFex)OH
layers and is induced by the superconducting FeSe layers
due to proximity effects. Such situation is similar to the
appearance of a proximity-induced gap in CuO chains
in the cuprate superconductor YBa2Cu4O8.
29 The su-
perconducting gap detected in the chains (≃ 5 meV) is
significantly smaller than the gap in the superconduct-
ing CuO2 planes (≃ 20 meV)
30 and is confined within a
very narrow k−space region. We should stress, however,
on the significant difference between (Li1−xFex)OHFeSe
studied here and YBa2Cu4O8. In the later compound
the chains are metallic and, therefore, allow for con-
ductivity (superconductivity) along the chain direction.
In (Li1−xFex)OHFeSe the resistivity anisotropy increases
with decreasing temperature15 thus suggesting that the
intermediate (Li1−xFex)OH layers become more insulat-
ing. Consequently, instead of expecting that the en-
tire (Li1−xFex)OH remains conducting (superconduct-
ing), there is a lack of conducting channels between the
FeSe layers through the (Li1−xFex)OH ones.
Indeed, there are indications from recent ARPES and
STS experiments supporting the validity of the above sce-
nario. STS measurements reveal that the (Li1−xFex)OH
surface has a metallic behavior when the FeSe layers ex-
hibit superconductivity.21 The tunnelling spectrum has a
weak dip at a Fermi level which may point to a supercon-
ducting gap opening. We note that the modulation am-
plitude in STS experiments, ∆V = 1 meV, is comparable
to the values of the smallest gap obtained in our stud-
ies. ARPES experiments on a similar (Li1−xFex)OHFeSe
sample show that in addition to the electron-like bands
crossing the Fermi level at around the M point, there
is a tiny electron-like weight at the Fermi energy near
the Γ point, which could be a contribution from the
(Li1−xFex)OH layers.
19 The presence of such a tiny elec-
tron spectral weight might play a crucial role for the prox-
imity effect.
We want to emphasize that the enhancement of the
out-of-plane superfluid density (ρs,c ∝ λ
−2
c ) occurs at
the same temperature range where the antiferromagnetic
order within the (Li1−xFex)OHFeSe layers sets in. The
theory calculations presented in the Supplementary In-
formation reveal that carriers within the superconducting
FeSe layers are strongly hybridized with the local Fe mo-
ments in (Li1−xFex)OH. The effect of such hybridization
is two fold. First of all, it enhances the superconductivity
within the FeSe layers, and, secondly, weak superconduc-
tivity with dominant d−wave symmetry can be induced
in the insulating (Li1−xFex)OH layers. Note that the
latter statement is consistent with ∆d ≃ 1.5 meV gap
obtained from the fit of λ−2c (T ) data (see Fig. 3).
In conclusion, the magnetic and superconducting prop-
erties of (Li0.84Fe0.16)OHFe0.98Se single crystal were
studied by means of muon-spin rotation technique. The
zero-field and field-shift µSR experiments confirm the ho-
mogeneity of the sample and the antiferromagnetic order-
ing within the (Li0.84Fe0.16)OH layers below Tm ≃ 10 K.
The temperature dependences of the in-plane (λab) and
the out-of-plane (λc) components of the magnetic pen-
etration depth were measured in transverse field µSR
experiments. λ−2ab (T ) was found to be consistent with
gap opening within the superconducting FeSe planes and
it is well described within either the single s−wave gap
(∆s = 10.5 meV) or two s−wave gaps (∆s,1 = 15 meV
and ∆s,2 = 9 meV) scenario in agreement with the re-
sults of ARPES18 and STS21 experiments, respectively.
The opening of an additional small superconducting gap
of unknown symmetry (≃1.05 meV and 1.5 meV in a
case of s− and d−wave symmetry, respectively) was de-
tected from λ−2c (T ). This gap, most probably, opens
within the insulating (Li1−xFex)OH layers and appears
to be induced by the proximity to the superconducting
FeSe layers. The strong enhancement of the out-of-plane
superfluid density ρs,c ∝ λ
−2
c occurs at the same tem-
peratures where the magnetism sets in. The question
on whether or not the superconductivity and antireferro-
magnetism within the intermediate (Li1−xFex)OH layers
relate to the each other requires further studies.
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